Proteasomes are involved in the proteolytic generation of major histocompatibility complex (MHC) class I epitopes but their exact role has not been elucidated. We used highly purified murine 20S proteasomes for digestion of synthetic 22-mer and 41/44-mer ovalbumin partial sequences encompassing either an immunodominant or a marginally immunogenic epitope. At 
by pool sequencing and by semiquantitative electrospray ionization mass spectrometry. Most dual cleavage fragments derived from 22-mer peptides were 7-10 amino acids long, with octa-and nonamers predominating. Digestion of 41/44-mer peptides initially revealed major cleavage sites spaced by two size ranges, 8 or 9 amino acids and 14 or 15 amino acids, followed by further degradation of the latter as well as of larger single cleavage fragments. The final size distribution was slightly broader than that of fragments derived from 22-mer peptides. The majority of peptide bonds were cleaved, albeit with vastly different efficiencies. This resulted in multiple overlapping proteolytic fragments including a limited number of abundant peptides. The immunodominant epitope was generated abundantly whereas only small amounts of the marginally immunogenic epitope were detected. The frequency distributions of amino acids flanking proteasomal cleavage sites are correlated to that reported for corresponding positions of MHC class I binding peptides. The results suggest that proteasomal degradation products may include fragments with structural properties similar to MHC class I binding peptides. Proteasomes may thus be involved in the final stages of proteolytic epitope generation, often without the need for downstream proteolytic events.
Proteasomes are nonlysosomal high molecular weight proteases present in the cytoplasm and nuclei of all eukaryotic cells (for reviews, see refs. [1] [2] [3] [4] [5] . The 26S proteasome is involved in ubiquitin-dependent turnover of cytoplasmic and nuclear proteins. Its catalytic core is the 20S proteasome that has a molecular mass of about 700 kDa and by itself may degrade misfolded or denatured proteins ubiquitin-independently. It consists of four seven-membered rings stacked upon each other to form a barrel-shaped hollow structure. In eukaryotes, the two outer rings are made up of seven different, but related, enzymatically inactive a-subunits; the two inner rings consist of 7 different but related (3-subunits, three of which fulfill the structural requirements defined for enzymatically active (-subunits in archaebacteria (6) . Unfolded polypeptides enter the proteasome (7) through the a-ring to become digested within a central cavity formed between the two (3-rings. Archaebacterial proteasomes have just one type of inactive a-subunit and one type of enzymatically active p,-subunit and have been crystallized (8) . The smallest distance between the active sites of two adjacent (3-subunits is 28 A, corresponding to a peptide of 7 or 8 amino acids in extended conformation. This and the observation that proteolytic fragments produced by archaebacterial proteasomes center around hepta-and octamer peptides has given rise to the molecular ruler hypothesis, i.e., the distance between two active sites determines the length of the proteolytic fragments generated (9) .
Multiple types of evidence suggest that proteasomes of vertebrates play a role in the generation of peptides for presentation by major histocompatibility complex (MHC) class I molecules to cytotoxic T cells (for review, see refs. 10 and 11). These peptides are usually 8-11 amino acids (aa) long and most of them contain a MHC allele-specific consensus motif (for review, see refs. 12 and 13). They stem from cytosolic and nuclear proteins and are loaded onto class I molecules within the endoplasmic reticulum after transport through the transporters associated with antigen processing (TAP) (for review, see ref. 14) . Complete inhibition of MHC class I assembly in the endoplasmic reticulum can be achieved by certain protease inhibitors that act on proteasomes (15) . Although controversial, there is evidence that ubiquitindependent proteolysis operates in antigen processing. Most intruiguingly, two of the (3-subunits, low molecular weight protein (LMP) 2 and LMP7, are encoded by genes in the MHC complex, are inducible by interferon y, and can replace homologous constitutive (3-subunits present in most proteasomes of uninduced cells. Proteasomes containing these inducable 3-subunits have somewhat modified cleavage behavior. However, although LMPs seem to account for optimal or efficient presentation of certain epitopes, they do not appear to be essential for presentation of most peptides (for review, see ref. 16 ).
Proteasomes could mediate either all or some of the proteolytic steps in MHC class I epitope generation. According to studies with low molecular weight substrates and with inhibitors, mammalian proteasomes exhibit up to five distinct peptidase activities including sites that prefer to cleave after hydrophobic, basic, or acidic amino acids (17) . This correllates with the hydrophobic and basic amino acids often observed at the C termini of MHC class I presented peptides. Three epitopes have been shown to be generated in their final form by proteasomal digestion in vitro (18, 19 
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poorly immunogenic epitope, both presented by H-2Kb. Digestion products were analyzed by pool sequencing and by semiquantitative electrospray ionization mass spectrometry (ESIMS). The length distribution, the frequency gradient of amino acids flanking proteasomal cleavage sites, and the quantitative representation of the two epitopes collectively suggest that proteasomes often produce the peptides finally presented by MHC class I molecules.
MATERIALS AND METHODS
Isolation of 20S Proteasomes. Proteasomes were isolated from mouse EL4 cells as described (20) . No contaminating materials were detected by silver staining of native and SDS/ polyacrylamide gel electrophoreses (20) , and proteolytic activity was fully inhibited by addition of the proteasome-specific inhibitor lactacystin (21) (generous gift of S. Omura, Kitasato Institute, Tokyo) at the beginning or during proteolysis of polypeptide substrates. Proteasome peptidase activities were determined using standard fluorogenic substrates.
Peptide Synthesis and Purifi'cation. Peptides were synthesized using solid phase 9-fluorenylmethoxycarbonyl (F-moc) chemistry in an Applied Biosystems 431A peptide synthesizer and subsequently purified by reverse-phase HPLC. The identity of peptides was established by matrix-assisted laserdesorption/ionization time-of-flight mass spectrometry (MALDI-Tof-MS) and amino acid sequence analysis on Hewlett-Packard instruments. Peptide purity was controlled by reverse-phase HPLC (C18 analytical column) and ESIMS.
Proteasome Digestion of Synthetic Peptides. Digestions of synthetic peptides (30 ,ug) with isolated proteasomes (1 jig for OvaY51-71 and OvaY249-269; 5 ,g for Ova239-281 and Ova37-77) were performed as described (20) , except that incubations were done at pH 7.0. Digestion of Ova37-77 and Ova239-281 was done in the presence of 0.004% SDS. Reactions were stopped by addition of 2% acetic acid (final concentration, 1%).
Reverse-Phase HPLC. Aliquots of the reaction mixtures were analyzed by reverse-phase HPLC on a Smart system equipped with a ,uRPC C2/C18 SC 2.1/10 column (Pharmacia), as described (20) . In some cases, HPLC fractions were collected and peptides were identified by MALDI-Tof-MS and amino acid sequence analysis.
Pool Sequence Analysis of the Reaction Mixtures. For proteasome cleavage site determination, aliquots of the reaction mixtures were directly subjected to amino acid sequence analysis by Edman degradation. The sites and efficiencies of cleavage were determined from the sequence cycles and relative yields of amino acids unique in the analyzed sequence. For example, if the unique amino acid X appears in cycle Y of Edman degradation, a cleavage site is revealed Y residues N terminus of amino acid X; if a unique amino acid appears in more than one cycle, several cleavage sites are revealed, their relative strengths corresponding to the relative yields of the amino acid in each cycle.
Mass Spectrometry. Aliquots of the proteasome digests corresponding to 0.5-1.0 pmol of substrate were analyzed by the combination of microcapillary HPLC and electrospray ionization tandem mass spectrometry as described (22) . All peptides amounting to at least 1-2% of the total ion count of the sample were sequenced by collision activated dissociation (22, 23 Cleavage Site Nomenclature. Enzymology nomenclature was adopted for proteasomal fragments: C terminus = P1 position; amino acid N-terminal of C terminus = P2 position; N terminus = Pl' position; amino acid C-terminal of N terminus = P2' position. C+ 1 and N-1 of MHC class I ligands = flanking amino acid directly adjacent to the C and N termini, respectively.
RESULTS AND DISCUSSION
In a first set of experiments, we digested synthetic 22-mer peptides corresponding to two regions of ovalbumin: OvaY249-269 containing the immunodomant H-2Kb binding epitope, Ova257-264 (SIINFEKL) (24) , and OvaY51-71 containing a marginally immunogenic H-2Kb binding epitope, Ova55-62 (KVVRFDKL) (20, 25) . Digests were analyzed at 6 h by ESIMS (Fig. 1 Left) . Among the fragments generated by dual cleavage events, SIINFEKL was found to be a major breakdown product of OvaY249-269, whereas small amounts of KVVRFDKL were detected in in the digest of OvaY51-71. In a second experiment, digests were analyzed at 2, 6, 36, and 72 h. At 2 and 6 h, the semiquantitative length distribution of internal breakdown products of both 22-mers showed a range between 5 and 14 aa with octamers predominating in the digest of OvaY249-269 and nonamers in the digest of OvaY51-71 ( Fig. 1 Right) . The dominance of octamers in the digest of OvaY249-269 is the result of the abundance of SIINFEKL and a second predominant octamer, QLESIINF (Fig. 1B Left) . Similarly, mainly two fragments account for the dominance of nonamers in the digest of OvaY51-71 (Fig. 1A) . Consumption of the substrates in this experiment was completed by about 8 h (data not shown). Correspondingly, the length distribution patterns became slightly wider until 72 h of digestion. Major proportions of the proteolytic fragments derived from the 22-mers were found to be generated by single cleavage events (Fig. 1) (Fig. 1) , as far as the analyzed peptides overlap, although differences in cleavage efficiencies are observed.
The digestion of 0va239-281 was further analyzed in detail by HPLC and by ESIMS. In the particular experiment shown in Fig. 3 (Fig. 3A) . At 25 h, the proteasomes still had 80% of their original activity (data not shown). Qualitative analyses of the peptides present in the digest at each time examined revealed extensive degradation ( Fig. 3 B and C) . At 25 h, 41 individual fragments were identified, 34 of which were internal, i.e., dual cleavage peptides (Fig. 3B ). There is a considerable degree of overlap among the fragments, particularly between the major cleavage sites (Fig. 3C) . At 0.5 h and 1 h, when approximately 25% and 50% of the substrate had been consumed, 17 (Fig. 3) . Qualitatively, 18 of 34 internal fragments (53%) fell in a size range of 8 to 11 aa, 5 (15%) were from 12 to 14 aa, and the rest ranged from 3-mers to 7-mers (Fig. 3B) . Similar data were reported for proteasomal fragments derived from insulin (3-chain (26) .
Quantitative size distributions of dual cleavage fragments and kinetic analyses for several representative dual and single cleavage peptides of 0va239-281 are shown in Fig. 4 . The most abundant sizes of dual cleavage fragments early in the time course were 8-mer to 1l-mer (Fig. 4A ). Octamers were again dominated by the immunodominant epitope SIINFBKL. About two-thirds of the epitope appear to be generated before S h, i.e., predominantly from the original substrate, whereas the remaining one-third emerge thereafter, in parallel with the decline in the amounts of several longer intermediates containing this epitope' (Fig. 4C) . There is no decline in the net amout of SIINFBKL during the period of observation, similar to several other fragments of similar or shorter size that remain stable or still increase in concentration after complete substrate consumption (Fig. 4 C and D) . The longer dual and single cleavage fragments observed before complete substrate consumption reach their maximum between 1 and S h and decrease in concentration thereafter (Fig. 4B) . The 1 1-mers (six different peptides), the second most abundant peptide length, were generated in part from the original substrate, in part by recycling of longer intermediates (data not shown). The origin of the shorter peptides (3-to 6-mers) could not be unequivocally reconstructed. As they mostly emerged late in the time course, they appear to be mostly secondary fragments cleaved from the ends of longer intermediates (see also Fig. 3C ).
At least 22 of the 43 peptide bonds in our substrate 0va239-281 were susceptible to proteasomal cleavage. Ehring et aL. (26) observed multiple overlapping fragments in digests of insulin (3-chain and concluded that proteasomal cleavage was entirely nonspecific. While these and our results collectively suggest that nearly every peptide bond may be susceptible to proteasomal cleavage, the data reported herein reveal pronounced differences in cleavage efficiencies. Cleavage rates were influenced most obviously by the P1 position but also by the P2 and P1' positions (Fig. 5) . The P1 positions (C termini) of proteolytic fragments derived from 0va239-281 and from OvaY51-71 were mostly large hydrophobic and aromatic amino acids (58%), most frequently leucine (22%). The second most frequent group detected at the P1 position were charged amino acids (31%). The smallest group (11%) of fragments had small neutral or polar amino acids in the P1 position. The influence of the P2 position is most obvious if P1 is a charged amino acid: Ova239-281 is cleaved twice after LB but not or poorly after BE, DE, or TB; 0va37-77 is efficiently cleaved after VVR but only poorly cleaved after TR (see Fig. 2 frequent in P1 of our fragments, perhaps due to a relative abundance (12%) of glutamic acid in our substrates; two of the seven glutamic acid residues in our substrates have a leucine in front, thus giving rise to excellent cleavage sites. With these two exceptions, the frequency distributions of amino acids at the C termini of MHC class I ligands and of our proteasomal products are remarkably similar.
Upon analysis of the N termini (P1' position) of proteasomal fragments, we find residues representing all classes of amino acids, with a significant enrichment of the small neutral residue serine and of the polar residue threonine. The four most frequent amino acid at the N termini of MHC class I ligands are serine, glycine, lysine, and alanine, whereas threonine is moderately represented. Serine is second at P1' of our proteasomal fragments, and glycine and lysine are well represented. Only one alanine is present as C terminus in one of our substrates, and threonine appears to be overrepresented because of two strong clevage sites (L264-T265 and W267-T268 in Ova239-281). We are aware of the limited sample of proteasomal fragments available for this survey. Our data are supported, however, by previous observations, revealing major proteasomal cleavage sites similar to those described in the present work in bradykinin (F5-S6), gonadotropin (W3-S4,Y5-G6), substance P (F8-G9), and insulin 3-chain (V12E13-A14) (30) (31) (32) (33) . Moreover, our pool sequencing data show that L43-G44 is a major site in Ova37-77.
If proteasomes generated both the C and the N termini of MHC class I epitopes, the frequencies of the amino acid directly flanking the N termini (N-1) and C termini (C+ 1) of MHC class I ligands should also correlate to that of proteasomal fragments (Fig. 5) . The large aliphatic amino acids, leucine, isoleucine, and methionine, all charged amino acids, as well as alanine, glycine, serine, glutamine, and asparagine, are well represented at N-i of MHC ligands; with the exception of asparagine and glycine, these are also frequently seen at P1 of proteasomal cleavage sites. Moreover, there is a striking resemblance between the four amino acids that predominate at the N termini of MHC class I ligands and that at their C+ 1 positions (serine, glycine, lysine, and alanine), further indicating that both ends of an epitope may often be cleaved by the same enzyme. Thus, these results suggest that proteasomal cleavage very often generates the C termini and, frequently, also the N termini of MHC class I presented epitopes. (27, 28) . (D) Abundance (percent) of amino acids in Ova239-281 plus note, the C and N termini that favor transport of peptides by TAP or by certain TAP alleles are remarkably similar to that reported here for proteasomal fragments and for MHC class I binding peptides (37) (38) (39) .
CONCLUSIONS
The immunodominant H-2Kb presented ovalbumin epitope SIINFEKL was found to be among the most abundant and stable internal fragments, whereas most of the poorly immunogenic epitope KVVRFDKL is destroyed by a major cleavage site within this epitope. Peptide stability may thus be a factor influencing immunogenicity. Nevertheless, the low but detectable presentation of KVVRFDKL, as shown (20, 25) , corresponds nicely to a trace of this fragment detected in proteasomal digests. These cases extend the so far limited list of MHC class I ligands examined by proteasomal digestion in vitro and shown to be generated in their final form (18, 19 
